Introduction
Alzheimer's disease (AD) afflicts over 25 million people, is among the top ten leading causes of death worldwide, and is the number one cause of dementia. [1, 2] A morphological hallmark of AD is the accumulation of the amyloid b-protein [Ab; native peptides are n = 39-43 residues in length and are denoted Ab(1-n)] in plaques and neurofibrillary tangles in the human brain. [3] The divalent metal ions Zn II and Cu II have been found at elevated concentrations (> 10 À4 m) in Alzheimer's plaques, [4] [5] [6] [7] [8] and the association of Ab with metal ions has been correlated with AD. [4, 9, 10] Metal ions have also been shown to be correlated with amyloid aggregation in the neurodegenerative prion [11] [12] [13] and Parkinson's diseases. [14, 15] Electron spin echo envelope modulation (ESEEM) [16] [17] [18] and hyperfine sublevel correlation (HYSCORE) [19] spectroscopies have implicated the three histidine (H) residues H6, H13, and H14 in the N-terminal domain of Ab in Cu II binding, and have elucidated the coordination structure in the soluble Ab(1-16) [20] [21] [22] [23] [24] [25] and Ab(1-28) [26] [27] [28] peptides. Solid-state nuclear magnetic resonance (SS-NMR) [8] and ESEEM [29] spectroscopies have addressed the Cu II coordination structure in the fibrillar form of full-length Ab . The ESEEM study identified bis-cis-H-imidazole coordination at two distinct sites and led to a structural model in which Cu II -H6/H13 and Cu II -H6/H14 sites alternate along the fibril axis, on opposite sides of the b-sheet fibril structure. [29] Truncated and mutated Ab peptides allow systematic study-in homogeneous preparations-of the molecular basis of the effects of metal ions on rates of Ab aggregation, types of aggregate structures formed, and cytotoxicity. [30] Insights into metal ion control of amyloid structure are also valuable for manipulating modified Ab peptides, for forming nanomaterial scaffolds, for templating ordered molecular arrays, [31] [32] [33] or for metal deposition, [34, 35] to create energy-and charge-transfer functionalities.
The truncated and N-terminal-acetylated Ab nonapeptide Ac-HHQALVFFA [Ac-Ab (13) (14) (15) (16) (17) (18) (19) (20) (21) ] contains the core hydrophobic segment Ab (17) (18) (19) (20) (21) , which is necessary for fibrillization, [31, 36, 37] and the metal-binding dyad H14-H15. [38] The Ac-Ab(13-21)H14A mutant nonapeptide forms homogeneous fibrils in the presence of Cu II and recapitulates the parallel, in-register bsheet structure found in fibrillar forms of Ab [ [39] [40] [41] and Ab . [42] Cu II -Ac-Ab(13-21)H14A also displays cytotoxicity comparable to that of full-length Ab, whereas the apo-peptide is benign. [30] Fibrillization of Ac-Ab (13) (14) (15) (16) (17) (18) (19) (20) (21) H14A is accelerated by Cu II . A structure model for the Cu II -Ac-Ab(13-21)H14A fibril was proposed; [30] in this, Cu II is bis-coordinated by a histidine Truncated and mutated amyloid-b (Ab) peptides are models for systematic study-in homogeneous preparations-of the molecular origins of metal ion effects on Ab aggregation rates, types of aggregate structures formed, and cytotoxicity. The 3D geometry of bis-histidine imidazole coordination of Cu II in fibrils of the nonapetide acetyl-Ab(13-21)H14A has been determined by powder 14 N electron spin echo envelope modulation (ESEEM) spectroscopy. The method of simulation of the anisotropic combination modulation is described and benchmarked for a Cu II -bis-cis-imidazole complex of known structure. The revealed bis-cis coordination mode, and the mutual orientation of the imidazole rings, for Cu II in Ac-Ab (13) (14) (15) (16) (17) (18) (19) (20) (21) H14A fibrils are consistent with the proposed b-sheet structural model and pairwise peptide interaction with Cu II , with an alternating [-metal-vacancy-] n pattern, along the N-terminal edge. Metal coordination does not significantly distort the intra-b-strand peptide interactions, which provides a possible explanation for the acceleration of Ac-Ab(13-21)H14A fibrillization by Cu imidazole ligand from each of two peptides, in an arrangement that extends along the fibril axis as follows: (-peptide-Cu II -peptide-peptide-Cu II -peptide-) n . In contrast with the interaction of Cu II with Ac-Ab(13-21)H14A, interaction of Cu II with the peptide Ab(13-21)K16A blocks the fibril formation characteristic of the apo-Ab(13-21)K16A and leads to formation of a dipeptide complex that is not cytotoxic. [30] The Ab(13-21)K16A peptide displays Cu IImono-H equatorial coordination, whereas Ac-Ab(13-21)H14A shows Cu II -bis-H equatorial coordination. [30] The Cu II -peptide coordination geometry is thus a critical determinant of the differences in peptide aggregation state, structure, and cytotoxicity.
We have developed an ESEEM spectroscopic approach for the determination of the mutual orientation of equatorial bisimidazole ligands in Cu II complexes in disordered (powder) systems. [29, 43] As depicted in Scheme 1, the method leads to specification of the bis-cis or bis-trans mode of coordination and the mutual orientation of the two imidazole rings. The 14 N ESEEM from the remote (non-coordinated) nitrogen nuclei of the H imidazole ligands is detected. [44] The ESEEM experiment is performed at an external magnetic field value that corresponds to the g ? position in the Cu II EPR line shape, at the quasi-powder position [45] of maximum transition intensity. This increases the detection sensitivity for the ESE at the low electron spin contents typical of Ab protein samples. The analysis of the 14 N ESEEM focuses on modulation from the combinations of the anisotropic, Dm I,b = AE 2 modulation, from the pair of coupled 14 N nuclei. In the ESEEM spectrum, "combination lines" occur at sums of the fundamental 14 N coupling frequencies. The ligand geometry information is extracted from the mutual orientation of the 14 N dipolar super-hyperfine (shf) tensors. [29, 43] The large parameter space of the numerical simulation of the ESEEM is efficiently searched for the global minimum by the hybrid optimization algorithm in the ESEEM simulation software package, known as OPTESIM. [43] OPTESIM also provides a statistical assessment (simultaneous confidence region) for each parameter. [43] The method has been validated by application to a Cu II -bis-trans-imidazole model complex of known structure [43] -Cu II -bis-histamine-bis-nitrate [Cu II (him) 2 -(NO 3 ) 2 ] [46] -and used to determine the Cu II coordination structure in fibrillar Ab . [29] Here the method is benchmarked for Cu II complex and show resolved copper hyperfine splitting, which is centered at g j j , from interaction of the unpaired electron spin with the I = 3 = 2 copper nucleus. [45, 47] The amplitudes of the powder EPR spectra are greatest around the g ? % 2 region. This corresponds to the position of the external magnetic field of 3030 G that was used to achieve the maximum ESE amplitude in the ESEEM experiments. Each EPR spectrum in Figure 1 Figure 2 shows the powder three-pulse ESEEM waveform and corresponding FT for the mono-imidazole complex Cu II (dien)(2-MeIm). The ESEEM was collected at the maximum ESE amplitude in the EPR spectrum and at a t value of 310 ns. ESEEM at different t and microwave frequency/magnetic field values has previously been reported for the Cu II (dien)(2-MeIm) complex. [48] The ESEEM in Figure 2 exhibits a pattern of deep and sustained modulation in the time domain, together with corresponding narrow lines in the frequency domain; these are characteristic of coupling to 14 N under the condition of exact cancellation: specifically, to the remote nitrogen of imidazole. [44, 49] The exact cancellation condition holds when the 14 N super-hyperfine (shf) and 14 N nuclear Zeeman contributions approximately cancel for one electron spin manifold (A/2 % n N , where A is the shf coupling constant and n N is the free nuclear frequency), which creates a near zero-field condition in one electron spin manifold (the m s = + + 1 = 2 , or a-, manifold, for isotropic shf coupling constant values, A iso > 0). The energy level separations in this manifold are dominated by the nuclear quadrupole interaction (nqi). The ESEEM Fourier transform (FT) for Cu II (dien)(2-MeIm) in Figure 2 B shows three narrow lines positioned at 0.55, 1.04, and 1.61 MHz, which correspond to the n 0 , n À , and n + nqi frequencies (expected relationship n 0 + n À = n + ). The broad feature, centered at 4.2 MHz, corresponds to the Dm I = AE 2, or "double quantum" (n dq ), splitting in the electron spin manifold in which the 14 N shf and nuclear Zeeman contributions are additive (here the m s = À 1 = 2 , b-manifold). This feature is broadened by the dipolar shf coupling. The features corresponding to the Dm I = AE 1 splittings, which overlap the n 0 , n À , and n + features, are broadened by the dipolar anisotropy, and are generally not resolved in exact cancellation ESEEM. There are no features at frequencies higher than n dq , as anticipated for a mono-imidazole complex. Figure 3 shows the powder three-pulse ESEEM waveform and corresponding FT for the bis-cis-imidazole complex Cu II (2-MeIm) 2 (OAc) 2 , of known structure. [50] The waveform and FT also show the characteristic exact cancellation pattern of coupling to the remote 14 N of the imidazole ring. [44, 49] The FT in Figure 3 shows the fundamental nqi n 0 , n À , and n + lines at 0.61, 0.91, and 1.57 MHz, respectively, and the n dq feature at 4.08 MHz. The three nqi and the n dq lines appear at frequencies slightly shifted (< 10 %) relative to those for the Cu II (dien)(2-MeIm) complex; this indicates a subtle difference in the electronic structure around the remote 14 N nuclei in the two complexes, as would be expected from the difference in position of the alkyl substitution on the imidazole ring. The single set of narrow nqi fundamental features (line widths comparable to Figure 2 ) indicates that the two remote 14 N nuclei in the complex have the same shf and nqi couplings, to within the resolution of the ESEEM experiment. In addition to the set of "fundamental" features observed for the mono-imidazole model, the Cu II -bis-imidazole ESEEM shows "combination" lines that are positioned at sums of the fundamental frequencies. The combination lines are marked by arrows in Figure 3 . These combination features arise from relatively low-probability, simultaneous nuclear spin-flip transitions between the two remote imidazole 14 N nuclear spin states. Prominent features are observed at 2.20 (n 0 + n + ), 2.49 (n À + n + ), and 3.16 (2 n + ) MHz. The weak feature from approximately 7.0 to 8.5 MHz represents the double quantum combination feature (2 n dq ), which corresponds to the combination of the Dm I = AE 2 splittings in the noncancellation electron spin manifold of each coupled remote 14 N nucleus. The feature, which is intermediate between the n dq and 2 n dq features, arises from combination of the Dm I = AE 2 and Dm I = AE 1 (denoted as monoquantum, "mq") splittings in the noncancellation electron spin manifold, and is denoted n mq + n dq in Figure 3 .
ESEEM spectroscopy of Cu
II -Ab(13-21) mutant complexes Figure 4 shows the powder three-pulse ESEEM waveform (t = 310 ns) and the corresponding FT for the mono-imidazole complex [30] Cu II -Ab(13-21)K16A. ESEEM at a different t value (156 ns) has been reported for this complex. [30] The ESEEM in Figure 4 is characteristic of coupling to the remote nitrogen of imidazole under the condition of exact cancellation. [44, 49] As would be expected for the mono-imidazole equatorial coordination in Cu II -Ab(13-21)K16A, [30] only the fundamental ESEEM features are observed. Figure 5 shows the powder three-pulse ESEEM waveform and corresponding FT for the bis-imidazole complex Cu IIAb(13-21)H14A. ESEEM at a different t value (156 ns) has been reported for this complex. [30] In addition to the fundamental features, which show unresolved n 0 and n À lines, weak combination lines are observed; these correspond to the (n 0 /n À + n + ) and (2 n + ) frequencies, as would be expected for the previously assigned [30] equatorial bis-histidine imidazole coordination. As shown in Figure 5 , Cu II -Ab(13-21)H14A ESEEM, collected at t = 310 ns, also shows the n mq + n dq and 2 n dq features. The relatively narrow, single-peak line shape of the 2 n dq feature, which has a maximum at approximately 7.8 MHz, is similar to the 2 n dq line shape for the Cu II (2-MeIm) 2 (OAc) 2 equatorial bis-cis-imidazole complex, and distinct from the broader, twin-peak 2 n dq line shape of the Cu II (him) 2 (NO 3 ) 2 equatorial bis-trans-imidazole complex. [43] Simulation of the 14 [51] [52] [53] The electronic structure of the imidazole ring and the coupling of the unpaired spin density with the remote 14 N nuclei are therefore relatively constant across the four complexes. The narrow confidence regions for the shf and nqi parameters in Table 1 show a high relative certainty for the best-fit values and indicate that the parameters are strong determinants of the experimentally observed ESEEM (a wide confidence region indicates that the parameter is poorly constrained). The excellent quality of the simulations and the narrow confidence regions for the Cu II -bis-imidazole complexes provide further support for the assumption of comparable shf and nqi parameters for the two remote In order to assess the match of the physical model and X-ray crystallographic structure, we superposed the shf PAS onto the atomic coordinates of the X-ray structure, [50] by using the shf PAS/molecular PAS relationship derived from the singlecrystal ESEEM studies. [51, 52] The calculated physical model, which is based on the X-ray crystallographic coordinates, is shown in Figure 7 A, and the structure of the complex, as determined by X-ray crystallography, [50] is shown in Figure 7 B. The calculated model displays reasonable agreement with the ESEEM-derived physical model in Figure 6 . In particular, the x- 14 N shf PAS in the Cu II (2-MeIm) 2 (OAc) 2 complex, based on the X-ray crystallographic structure, [50] and the relation of the shf PAS to the imidazole molecular PAS. [51, 52] Axis color code: x (blue), y (green), z (red). B) Molecular model based on the X-ray crystal structure. [50] 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
ChemBioChem 2013, 14, 1762 -1771 1766 CHEMBIOCHEM FULL PAPERS www.chembiochem.org axes in each model are approximately perpendicular, which is characteristic of the bis-cis coordination mode. The deviations of the ESEEM-derived and calculated structures from agreement, beyond the confidence regions of the angular parameters, are attributed to differences between the crystal and glassy-solution structures of the complexes. Differences in the shf PAS orientations between the crystal and frozen glassysolution structures would be expected for the Cu II (2-MeIm) 2 -(OAc) 2 complex, because rotation of each imidazole ring about the Cu II -ligand axis is possible. A difference in the imidazole rotamer states for the complexes in the crystal and in frozen glassy solution is supported by the fact that it is possible to rotate the two shf PAS in the physical model about the x-axes, which coincide with the proximal NÀCu II bond direction, to achieve a very good match with the shf PAS determined for the X-ray crystallographic structure ( Figure S2 ).
Assessment of the ESEEM method for determination of the bis-imidazole coordination geometry in Cu II complexes
We had previously reported a physical model for the bis-transimidazole complex [43] Cu II (him) 2 (NO 3 ) 2 and found excellent agreement of this model with the X-ray crystallographic structure. [46] The superposition of the shf PAS for Cu II (him) 2 (NO 3 ) 2 onto the atomic coordinates of the X-ray structure for Cu II -(him) 2 (NO 3 ) 2 [46] ( Figure S3 ) by use of the shf PAS/molecular PAS relationship derived from the single-crystal ESEEM studies [51, 52] further quantifies the agreement with the reported physical model. [43] In the case of the bis-trans-imidazole complex, the deviations between the two models are within the angular range of the confidence intervals for the Euler angles, at the 99 % confidence level. This is to be expected, because rotation of the imidazole rings about the Cu II -ligand axis is constrained by the bidentate equatorial histamine coordination in the Cu II -(him) 2 complex.
The reasonable agreement, within the limits expected for crystal versus glassy frozen solvent conditions, of the powder ESEEM-derived physical models for the mutual orientation of the imidazole remote 14 N PAS with that calculated from the combined single-crystal ESEEM and X-ray crystallographic results demonstrates that the powder 14 N ESEEM experiment and numerical simulation approach, based on analysis of the n mq + n dq and 2 n dq line shapes, is capable of accurately specifying the mutual orientation, to within the confidence intervals of the angular parameters. In contrast, in the general case of a Cu II -bis-imidazole complex of unknown structure and unknown relation of the shf PAS to the imidazole molecular PAS, the cis or trans coordination mode cannot be uniquely determined. The finding of a rotation matrix with no eigenvalue of À1 does, however, introduce the constraint that the mode is not trans. If, for example, the two shf PAS of the two imidazole moieties in a bis-trans configuration are related by a rotational matrix R, then there must exist a vector v, corresponding to the bonding direction of the proximal 14 N and Cu II , such that, when rotated by R, becomes Àv. The relationship Rv = Àv requires R to have an eigenvalue of À1, corresponding to a 1808 rotation about some reference axis. An eigenvalue of À1 is not sufficient, however, for the assignment of the bis-trans configuration. Information about the direction of the proximal 14 NÀCu II bond relative to the shf PAS is required.
In the case of a known relation of the shf PAS to the imidazole molecular PAS, the coordination mode can be uniquely determined, in addition to the mutual orientation of the imidazole molecular PAS. Therefore, with the inclusion of the shf PAS/molecular PAS correlation from the single-crystal ESEEM studies, [51, 52] the bis-cis-or bis-trans-imidazole coordination mode of the complex can be determined. Table 1 . The x-axes in the model are approximately perpendicular, as shown by the confidence region of 758 to 1108. Perpendicular x-axes are characteristic of the biscis-imidazole coordination mode, as demonstrated for the Cu II (2-MeIm) 2 (OAc) 2 complex. Therefore, we conclude that the Cu II in fibrils of Ac-Ab(13-21)H14A is coordinated in the equatorial plane by two histidine imidazole units in the cis geometry. Our ability to simulate the results by using a discrete model of Cu II -remote 14 N coupling (single set of shf, nqi, and orientation simulation parameters), indicates a single coordination geometry for Cu II with the Ac-Ab(13-21)H14A peptide in the fibril. This is consistent with the homogeneous fibril morphology on the meso scale, which is shown by electron microscopy studies. [30] Cu II -bis-cis-His coordination in the context of the Ac-Ab(13-21)H14A fibril In the structural model for fibrils of Ac-Ab(13-21)H14A, individual peptides, in a b-strand configuration, combine to form a parallel, in-register b-sheet structure that extends along the inter-strand, hydrogen-bonding direction, to define the long axis of the fibril. [30] Multiple b-sheets stack, or laminate, in a direction perpendicular to the long axis. [30] The inter-b-strand, backbone-to-backbone spacing within each sheet is 4.7 , and the inter-sheet separation is approximately 10 . [30, 54] Figure 8 depicts a structural model for the local Cu II coordination site in the context of the global Ac-Ab(13-21)H14A fibril structural model. [30] The molecular modeling program Macromodel (version 9.9, Schrçdinger, LLC, New York, NY) was used to construct the model, with incorporation of the following constraints: 1) intra-sheet, bis-cis-imidazole coordination by H13 on adjacent peptides, with hydrogen-bonded peptides separated by 4.7 , [30] 2) mutual orientation of the two imidazole rings from the physical model (Figure 9), 3) angle of 938 between the proximal 14 NÀCu II bonds, which corresponds to the center of the confidence region (Figure 9 ), 4) distance of 2.0 [characteristic of the 14 N-metal distance in Cu II -imidazole complexes, including the bis-trans-(2.03 ) and bis-cis-imidazole (1.97, 1.98 ) model Cu II complexes [46, 50] ] between the proximal (directly coordinated) imidazole 14 N and Cu II , 5) direct coordination by imidazole ring Ne atoms, 6) fixed coordinates for all peptide atoms, other than atoms of H13 and the acetyl capping group, and 7) adherence to local steric constraints, by use of the MMFF94 [55] force field. As depicted in Figure 8 , the bis-cis coordination mode is accommodated by the 4.7 intrastrand distance. The bis-cis mode is obligatory for Cu II binding, relative to the bis-trans mode, because trans coordination significantly distorts the N-terminal region and thus destabilizes the intra-b-strand interactions distal to the Cu II site. The bis-cis-imidazole coordination mode partially resolves the structure of the intra-sheet coordination of Cu II at the Nterminal region of the fibrils and is consistent with the structural model proposed for Ac-Ab(13-21)H14A fibrils.
Mutual orientation of imidazole ligands in the Cu
[30] Figure 10 
Conclusions
We thus propose that Cu II -induced acceleration of Ac-Ab(13-21)H14A fibril formation arises from the two following factors: 1) the b-sheet structure is stabilized by Cu II coordination, this reduces the monomer dissociation rate, and 2) Cu II coordination aligns and stabilizes b-strand peptide pair precursors that integrate into the fibril, with a minimum reorganization energy, thus increasing the effective peptide association rate.
Experimental Section
Synthesis of model complexes and peptides and EPR sample preparation: All chemicals used in the syntheses were obtained from commercial sources (Sigma-Aldrich or Fisher) and used without further purification.
The Cu II (dien)(2-MeIm) complex was prepared as described by McCracken et al. [48] Briefly, copper(II) diethylenetriamine acetate (2.6 mg), copper(II) acetate (5.0 mg), and 2-methylimidazole (41.0 mg) were mixed in water (5 mL), and ethylene glycol was added to form a 1:1 ethylene glycol/water solution. The pH was adjusted to 8.0. The solution was frozen to a glass in a quartz EPR tube (4 mm outer diameter) and stored in liquid nitrogen (77 K).
The [Cu II (him) 2 (NO 3 ) 2 ] complex was prepared by the procedure described by Zhang et al. [46] Briefly, histamine dichloride (25.95 mg) and sodium hydroxide (1 m, 0.28 mL) in water (2.72 mL) were added to ethanol (3.93 mL) containing copper(II) nitrate trihydrate (1 m, 0.07 mL). The mixture was then added to ethylene glycol (7 mL), placed in a quartz EPR tube (4 mm outer diameter), frozen to a glass, and stored in liquid nitrogen. 2 ] complex was prepared as described by Abuhijleh et al. [50] Cu II acetate (0.5 g) and 2-methylimidazole (1.0 g) were dissolved in chloroform (10 mL) and methanol (2.5 mL). The mixture was stirred for 30 min at 50 8C. The mixture was filtered, and diethyl ether (15 mL) was added to the filtrate. The filtrate was stirred again for 10 min, followed by the addition of diethyl ether (5 mL). The solution was filtered under reduced pressure and washed with diethyl ether and chloroform. The solid was air dried and recrystallized from methanol/diethyl ether. The crystals were dissolved in methanol/chloroform 1:4 in a quartz EPR tube (4 mm outer diameter), and the solution was then frozen to a glass and stored in liquid nitrogen.
Ab (13) (14) (15) (16) (17) (18) (19) (20) (21) peptides: The Ab(13-21)H14A peptide was synthesized as described. [30] The peptide was dissolved in buffer (pH 7.2) containing HEPES (25 mm) and NaCl (10 mm). After incubation of the sample for two weeks, fibrils had been produced, as verified by electron microscopy. [30] Copper was added as CuCl 2 . The Ac-Ab(13-21)H14/Cu II ratio was 2:1. The peptide Ab(13-21)K16A was synthesized as described. [30] The peptide was dissolved in buffer (pH 5.6) containing 2-(4-morpholino)ethanesulfonic acid (MES, 25 mm) and NaCl (10 mm). The Ab(13-21)K16A/Cu II ratio was 1:1. Samples for EPR and ESEEM were mixed with an equal volume of ethylene glycol, transferred to a quartz EPR tube (4 mm outer diameter), and then frozen to a glass and stored in liquid nitrogen.
EPR spectroscopy: X-band continuous-wave EPR spectroscopy was performed with a Bruker ELEXSYS E500 EPR spectrometer with an ER 4123SHQE X-band cavity resonator and a Bruker ER 4131VT liquid nitrogen flow temperature control system. EPR spectra of the Cu II model and the Cu II -Ab complexes were acquired at temperatures of 120 and 140 K, respectively. [44] The electron-nuclear coupling condition that is characteristic of the Cu II -remote 14 N interaction, known as "exact cancellation", [44, 49] leads to the presence in the ESEEM of modulation components that correspond to the remote 14 14 N ESEEM has previously been used to determine the shf and nqi parameters for the imidazole remote 14 N in Cu II sites in copper proteins [48, 56] and in Cu II model complexes in frozen solution, [48, 56, 57] in single crystals, [51-53, 58, 59] and in a single crystal/ powder comparison study. [60] Experimental: ESEEM data were collected at 6 K with a home-built pulsed-EPR spectrometer by using the three-pulse (p/2-t-p/2-T-p/ 2-t-echo) microwave pulse sequence with pulse-swapping. [61] The pulse-swapping sequence reduces the effective dead time to the intrinsic spectrometer dead time, which is the time required for the ring-down of the microwave pulse energy in the resonator to the level of the ESE signals, at the particular spins/Gauss values for the Cu II samples used in these studies (160-200 ns). The t value was selected from a scan of the t values, corresponding to the relationship t ¼ n n 1H , where n = 1, 2, 3, … and n 1H is the free precession frequency of the 1 H nucleus at the prevailing external magnetic field (3030 G). These t values correspond to t suppression [62] of the free 1 H contribution to the ESEEM. The 2 n dq feature achieved the largest amplitude at t values of 310 ns and 620 ns, but was near to, or within, the noise amplitude at the other t values. The t value of 310 ns was selected for analysis, because the shorter time period of the phase memory decay in the pulse-swapping sequence afforded the best signal-to-noise ratio, relative to t = 622 ns. ESEEM was cosine Fourier transformed to generate ESEEM frequency spectra. The dead time modulation was reconstructed by use of the simulated ESEEM. All data processing was performed by using laboratory-written MATLAB (Mathworks, Natick, MA) code running on personal computers.
ESEEM simulations: Numerical simulations of the ESEEM were performed by using the OPTESIM ESEEM simulation and analysis software suite. [43] The stationary-state spin Hamiltonian for treatment of the interaction of the electron spin on Cu II with the remote 14 N nuclear spin is formulated with a shf coupling term, a nuclear Zeeman term, and a nqi term, as follows: [63] H ¼ h S
where b N , S ! , and I ! are the nuclear magneton, electron spin operator, and nuclear spin operator, respectively, g N is the nuclear g value, A is the shf coupling tensor, and Q is the nqi tensor. [64] I and I' indicate that the eigenfunctions of A and Q are, in general, different. The shf tensor has the principal components A = [A xx A yy A zz ] and is composed of an isotropic part (A iso = 1 = 3 AEA ii ) and a dipolar part (AÀA iso ). The nqi tensor (Q) is defined by the nuclear quadrupole coupling constant (e 2 qQ/h) and the electric field gradient (efg) asymmetry parameter (h). [65] In its PAS, the traceless nqi tensor Q = [Q xx Q yy Q zz ] is related to e 2 qQ/h and h by the following expressions:
where j Q xx j ! jQ yy j ! jQ zz j . In OPTESIM, the orientation between the nqi tensor PAS and the shf tensor PAS is defined by the Euler
In systems with more than one coupled nucleus (N > 1), the orientation of the shf PAS of each nucleus, relative to an arbitrary reference frame, is defined by the A coupled electron-single 14 N system is therefore parameterized by using the following eight adjustable parameters:
2 qQ/h, and h. In the Cu II -bis-imidazole complexes, these eight parameters are assumed to be common to the two imidazole 14 N nuclei. The bis-imidazole complexes have a A , b A , and g A as additional adjustable parameters. The method for calculation of the simultaneous confidence region for each adjustable parameters, at a specific confidence level (here 99 %), has been described. [43] The ESEEM calculation in OPTESIM incorporates the full-density matrix diagonalization from the Mims treatment of ESEEM [63, 66] for evaluation of the transition frequencies and intensities, but uses a computationally efficient numerical procedure [18, 67, 68] for constructing the three-pulse modulation. In the case of a powder distribution, which is approximated well by the nominally octahedral Cu II -bis-imidazole complexes near the g ? position of the EPR spec-trum, [45] a spherical average is calculated for the ESEEM. For more than one coupled nucleus (N > 1), the computed spherical average in OPTESIM is performed by using a physical model that includes information about the particular arrangement of coupled nuclei relative to the paramagnet. This geometry is defined by the set of Euler angles, [a A b A g A ], for each nucleus, which together specify the mutual orientation of the different shf PAS. The ESEEM is therefore calculated and combined at each powder orientation. A physical model has previously been used to simulate 14 N ESEEM in a metal complex. [69] The three-pulse envelope modulation for the N = 2 electron-nuclear couplings is combined separately for the aand b-electron spin manifolds by using the following product rule: [70] E total ðt, TÞ ¼ The automated optimization of the simulations used a genetic algorithm, followed by the Nelder-Mead simplex method. The optimization was performed on the experimental ESEEM wave forms only. The genetic algorithm had a starting population of 300. The genetic algorithm converged after approximately 100 generations, and the best individual was selected as the starting point for the simplex method. Simulations were run in parallel on a collection of personal computers, which were tasked with subsets of the powder orientation sampling vectors, under the Java-RMI-based distributed computational framework that is included in OPTE-SIM. [43] Relation between shf tensor PAS and molecular PAS of imidazole: Single-crystal ESEEM studies of the Cu II -mono-imidazole complex in Cu II -doped crystals of l-histidine hydrochloride monohydrate [51] and in Cu II -doped bis-(l-histinato)cadmium dihydrate, [52] determined, in addition to the shf and nqi parameters, the relation of the imidazole remote 14 N shf and nqi tensors to the respective crystal axes. [51, 52] This allowed the 14 N shf PAS and nqi PAS to be related to the molecular frame of the imidazole. The A z component is tilted by 88 relative to the imidazole ring plane normal. The A x axis lies in the ring plane and makes an angle of 138 with the imidazole N d -N e axis. In these systems, the 14 N dipolar shf tensor, which represents the through-space interaction between the unpaired electron distribution and the nucleus, has a rhombic form. [51] The orientation of the dipolar shf tensor in the molecular frame of the imidazole ring was accounted for by using a multipoint electron spin density model. [51, 53] Density functional theory (DFT) calculations found a positive sign for the isotropic hyperfine coupling (A iso > 0) for the remote 14 N nuclei in the two imidazole ligands in Cu II -bis-histamine in frozen solution. [71] Collectively, the results show that the remote 14 N dipolar shf tensor in different Cu II complexes with 2-and 4-alkyl substituted imidazoles has the approximate rhombic form [A 0.2 AÀA], [51, 52, 56] to within 20 % of the component values, which implies a comparable unpaired electron spin density distribution over the atoms of the imidazole rings and an associated common angular relation of the dipolar shf PAS to the imidazole molecular PAS.
